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Within contemporary hadron physics there are two common methods for determining the momentum-dependence of the interaction
between quarks: the top-down approach, which works toward an ab initio computation of the interaction via direct analysis of the
gauge-sector gap equations; and the bottom-up scheme, which aims to infer the interaction by fitting data within a well-defined
truncation of those equations in the matter sector that are relevant to bound-state properties. We unite these two approaches by
demonstrating that the renormalisation-group-invariant running-interaction predicted by contemporary analyses of QCD’s gauge
sector coincides with that required in order to describe ground-state hadron observables using a nonperturbative truncation of
QCD’s Dyson-Schwinger equations in the matter sector. This bridges a gap that had lain between nonperturbative continuum-QCD
and the ab initio prediction of bound-state properties.
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1. Introduction. The last two decades have seen significant
progress and phenomenological success in the formulation and
use of symmetry preserving methods in continuum-QCD for
the computation of observable properties of hadrons [1–8]. A
large part of that work is based on the rainbow-ladder (RL) trun-
cation of QCD’s Dyson-Schwinger equations (DSEs), which
is the leading-order term in a symmetry preserving approx-
imation scheme [9, 10]. The RL truncation is usually em-
ployed with a one-parameter model for the infrared behaviour
of the quark-quark interaction produced by QCD’s gauge-sector
[11, 12]. It is accurate for ground-state vector- and isospin-
nonzero pseudoscalar-mesons constituted from light quarks and
also for nucleon and ∆ properties because corrections in all
these channels largely cancel owing to parameter-free preser-
vation of the Ward-Green-Takahashi (WGT) identities [13–16].
Corrections do not cancel in other channels, however; and
hence studies based on the RL truncation, or low-order im-
provements thereof [17, 18], have usually provided poor results
for all other systems.
A recently developed truncation scheme [19] overcomes the
weaknesses of RL truncation in all channels considered thus
far. This new strategy, too, is symmetry preserving but it has an
additional strength; namely, the capacity to express dynamical
chiral symmetry breaking (DCSB) nonperturbatively in the in-
tegral equations connected with bound-states. That is a crucial
advance because, like confinement, DCSB is one of the most
important emergent phenomena within the Standard Model: it
may be considered as the origin of more than 98% of the visible
mass in the Universe. Owing to this feature, the new scheme is
described as the DB truncation. It preserves successes of the RL
truncation but has also enabled a range of novel nonperturbative
features of QCD to be demonstrated [20–23].
The widespread phenomenological success of this bottom-up
approach to the calculation of hadron observables raises an im-
portant question; viz., are the one-parameter RL or DB interac-
tion models, used in those equations relevant to colour-singlet
bound-states, consistent with modern analyses of QCD’s gauge
sector and the solutions of the gluon and ghost gap equations
they yield [24–34]? An answer in the affirmative will grant sig-
nificant additional credibility to the claim that these predictions
are firmly grounded in QCD.
2. Quark gap equation. In order to expose the computational
essence of the bottom-up DSE studies, it is sufficient to con-
sider the gap equation for the dressed quark Schwinger func-
tion, S (p) = Z(p2)/[iγ · p + M(p2)]:
S −1(p) = Z2 (iγ · p + mbm) + Σ(p) , (1a)
Σ(p) = Z1
∫ Λ
dq
g2Dµν(p − q)λ
a
2
γµS (q)λ
a
2
Γν(q, p), (1b)
where: Dµν is the gluon propagator;1 Γν, the quark-gluon ver-
tex;
∫ Λ
dq , a symbol representing a Poincare´ invariant regulari-
sation of the four-dimensional integral, with Λ the regulari-
sation mass-scale; mbm(Λ), the current-quark bare mass; and
1 Landau gauge is typically used because it is, inter alia [35–37]: a fixed
point of the renormalisation group; that gauge for which sensitivity to model-
dependent differences between Ansa¨tze for the fermion–gauge-boson vertex are
least noticeable; and a covariant gauge, which is readily implemented in numer-
ical simulations of lattice regularised QCD. Importantly, capitalisation on the
gauge covariance of Schwinger functions obviates any question about the gauge
dependence of gauge invariant quantities.
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Z1,2(ζ2,Λ2), respectively, the vertex and quark wave-function
renormalisation constants, with ζ the renormalisation point,
which is ζ2 = 2 GeV here. Eqs. (1) are the starting point for
all DSE predictions of hadron properties.
Significantly, owing to asymptotic freedom, there is no
model dependence in the behaviour of the gap equation’s ker-
nel on the domain A = {(p2, q2) | k2 = (p − q)2 ≃ p2 ≃ q2 &
2 GeV2} because perturbation theory and the renormalisation
group can be used to show [38–40]:
g2Dµν(k) Z1 Γν(q, p) k
2&2 GeV2
= 4piαs(k2) Dfreeµν (k) Z22 γν , (2)
where Dfreeµν (k) is the free-gauge-boson propagator and αs(k2) is
QCD’s running coupling on this domain. Kindred results fol-
low immediately for the kernels in the two-body Bethe-Salpeter
equations relevant for meson bound-states [9, 10, 19].
Equation (2) entails that the model input in realistic DSE
studies is expressed in a statement about the nature of the gap
equation’s kernel on A; i.e., at infrared momenta. One writes
Z1g2Dµν(k)Γν(q, p) = k2G(k2)Dfreeµν (k) Z2 ΓAν (q, p) (3a)
=
[
k2GIR(k2) + 4piα˜pQCD(k2)
]
Dfreeµν (k) Z2 ΓAν (q, p), (3b)
where α˜pQCD(k2) is a bounded, monotonically-decreasing reg-
ular continuation of the perturbative-QCD running coupling to
all values of spacelike-k2; GIR(k2) is an assumed form for the
interaction at infrared momenta, with GIR(k2) ≪ α˜pQCD(k2)
∀k2 & 2 GeV2; and ΓAν (q, p) is an Ansatz for the dressed-gluon-
quark vertex, with ΓAν (q, p) = Z2γν on A .
As reviewed elsewhere [5, 6, 8], successful explanations and
predictions of numerous hadron observables are obtained with
I(k2) = k2G(k2) , (4a)
G(k2) = 8pi
2
ω4
D e−k
2/ω2 +
8pi2γm E (k2)
ln[τ + (1 + k2/Λ2QCD)2]
, (4b)
where: γm = 12/(33 − 2N f ) [typically, N f = 4], ΛQCD =
0.234 GeV; τ = e2 − 1; and E (k2) = [1 − exp(−k2/[4m2t ])]/k2,
mt = 0.5 GeV. The origin and features of Eq. (4b) are detailed
in Ref. [11] so here we only highlight two key aspects: the
Ansatz is consistent with the constraints described above and
it involves just one free parameter.
The last point deserves further attention. At first glance there
appear to be two free parameters in Eq. (4b): D, ω. How-
ever, computations show [11, 12, 41] that a large body of ob-
servable properties of ground-state vector- and isospin-nonzero
pseudoscalar-mesons are practically insensitive to variations of
ω ∈ [0.4, 0.6] GeV, so long as
(ςG)3 := Dω = constant. (5)
(The midpoint ω = 0.5 GeV is usually employed in calcula-
tions.) This feature also extends to numerous properties of the
nucleon and ∆ resonance [4, 7]. The value of ςG is typically
chosen in order to obtain the measured value of the pion’s lep-
tonic decay constant, fpi. It is striking that fitting just one pa-
rameter in a Gaußian Ansatz for the gap equation’s kernel is
sufficient to achieve an efficacious description of a wide range
of hadron observables. It provides prima facie evidence that
Eqs. (3), (4) are correct in principle; and translates the ques-
tion posed at the end of Sect. 1 into the following: “How does
k2GIR(k2) in Eq. (4a) compare with today’s understanding of
QCD’s gauge sector?”
That question has a subtext, however, because the fitted value
of ςG depends on the form of ΓAν (q, p). We consider two choices
herein: RL and DB. The RL truncation is obtained with
ΓAν (q, p) = Z2γν . (6)
It is summarised in App. A.1 of Ref. [42] and provides the most
widely used DSE computational scheme in hadron physics. In
this case one has [23]
ςRLG = 0.87 GeV. (7)
The form of ΓDBν (q, p) is detailed in App. A.2 of Ref. [42].
It is consistent with constraints imposed by both the longitu-
dinal and transverse WGT identities [43]. The DB kernel is
connected with the most refined nonperturbative truncation that
is currently available. It is therefore expected to be the most
realistic. With this vertex, one has [23]
ςDBG = 0.55 GeV. (8)
Following upon this discussion, we arrive at a pair of simple
questions. Does an analysis of QCD’s gauge sector produce
a running interaction-strength that is generally consistent with
the form in Eqs. (4); and, if so, does it more closely resemble
the function obtained with ςG in Eq. (7) or (8)?
3. RGI interaction kernel. In order to expose the quantity with
which Eq. (4b) should be compared, we must provide some
background. The Landau-gauge dressed-gluon propagator has
the simple form
Dµν(k) = Dfreeµν (k)∆(k2) =
[
δµν −
kµkν
k2
]
∆(k2)
k2
=: T kµνD(k2) ;
(9)
and since we are interested in QCD’s gauge sector, the dressed-
ghost propagator will also be relevant:
F (k2) = −F(k
2)
k2 . (10)
As we now explain, the scalar function in Eq. (10) is con-
nected with the following gluon-ghost vacuum-polarisation:
Λµν(k) = δµνG(k2) + (kµkν/k2)L(k2) (11a)
= Nc
∫ Λ
dq
g2F (k2) Dµρ(q) Hρν(q, k) , (11b)
which arises in contemporary applications of the pinch-
technique (PT) [44, 45] to QCD’s gauge sector [27, 46]. The
kernel Hρν(q, k) in Eq. (11) is defined via
kνHµν(q, k) = ΓFµ (q, k) , (12)
2
where ΓFµ (q, k) is the dressed-ghost-gluon vertex: in the ab-
sence of dressing, Hµν(q, k) → H0µν(q, k) = δµν and ΓFµ (q, k) →
Γ
F 0
µ (q, k) = kµ. In Landau gauge, one has [26]
1/F(k2) = 1 +G(k2) + L(k2). (13)
Notably, Eq. (13) is a consequence of QCD’s BRST invariance;
and the combination [1+G(k2)] is a crucial element in the set of
background-quantum identities (BQIs) explained in Ref. [46].
The functions G(k2) and L(k2) both satisfy dynamical equa-
tions [27], which may readily be deduced from the definitions
in Eqs. (11). Analysing this dynamical system, one can prove
the exact result [26] L(0) = 0; and hence, using Eq. (13):
[1 + G(k2 = 0) = 1/F(0)]. However, L(k2) . 0. In fact, as
demonstrated elsewhere [34], L(k2) is sizeable at intermediate
momenta, so that the oft used assumption [1+G(k2) ≈ 1/F(k2)]
is quantitatively inaccurate. Therefore, in computing G(k2)
herein, we include the nonperturbative corrections to ΓFµ (q, k)
determined in Ref. [34].
As remarked above and elucidated elsewhere [9, 10, 19],
there is a one-to-one correspondence between the kernels in
the dressed-quark gap equation and those in the Bethe-Salpeter
equations relevant to meson bound-states, which we will denote
by K . Crucially, the kernels K possess a “universal” subcom-
ponent, which has the nature of a running interaction-strength
(coupling), ˆd(k2), that does not depend on the valence-quark
content of the Bethe-Salpeter equation.
A systematic identification of ˆd(k2) has been completed using
the pinch technique [25]. It was achieved via the rearrangement
of physical amplitudes into sub-amplitudes with special proper-
ties. In this way one obtains dressed coloured vertices that sat-
isfy QED-like WGT identities and a gluon propagator that cap-
tures all the theory’s renormalisation-group logarithms. These
quantities coincide with the corresponding vertices and propa-
gator defined in the background field method (BFM) [47]. This
identification is valid both perturbatively, to all orders, and non-
perturbatively, at the level of the corresponding DSEs. More-
over, the relationship between the corresponding Schwinger
functions before and after the diagrammatic application of the
PT procedure is formally captured by the BQIs.
To be specific, in the present context the standard gluon
dressing function, ∆(k2) in Eq. (9), is related to the scalar cofac-
tor of the PT-BFM gluon propagator, denoted ˆ∆(k2), as follows:
∆(k2) = ˆ∆(k2)[1 +G(k2)]2, (14)
where G(k2) was introduced in Eqs. (11). Evidently, ˆ∆(k2) is
related to ∆(k2) via a function determined by ghost-gluon dy-
namics.
Similarly, the PT-BFM quark-gluon vertex: ˆΓaµ = λ
a
2
ˆΓµ,
which satisfies a QED-like WGT identity:
kµi ˆΓµ(p, q) = S −1(p) − S −1(q), (15)
is related to Γµ in Eqs. (1) by the BQI
[1 +G(k2)]Γµ(p, q) = ˆΓµ(p, q)
+ S −1(q)Qµ(p, q) + ¯Qµ(p, q)S −1(p), (16)
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Figure 1: RGI running interaction strength, ˆd(k2) in Eq. (19), computed via a
combination of DSE- and lattice-QCD results, as explained in Ref. [25]. We
display the function obtained using five different values of the renormalisation
point in order to highlight that the result is RGI.
where Qµ, ¯Qµ are auxiliary composite three-point functions.
Importantly, when embedded in the computation of scattering
processes, the last two terms on the right-hand-side of Eq. (16)
cancel against other process-dependent contributions.
These considerations entail that the leading term in the
quark-antiquark scattering kernel (q+ − q− = P = p+ − p−)
K (p, q; P) = −λ
a
2
Γµ(p+, q+)αsDµν(k) λ
a
2
Γν(q−, p−), (17)
in which the spinor indices have been suppressed, may be
rewritten as
K (p, q; P) = −λ
a
2
ˆΓµ(p+, q+)αs ˆ∆(k2)Dfreeµν (k)
λa
2
ˆΓν(q−, p−) .
(18)
Given that ˆΓν in Eq. (18) satisfies Eq. (15), which is a signifi-
cant element in the construction of the RL and DB truncations
described above, then a comparison with Eqs. (3) and their com-
putable analogues for the Bethe-Salpeter equations [9, 10, 19]
leads one to conclude that the dimensionless quantity
I
ˆd(k2) := k2 ˆd(k2) =
αs(ζ2)∆(k2; ζ2)
[1 +G2(k2; ζ2)]2 (19)
is the object that should be compared directly with the interac-
tion in Eq. (4a).
It is noteworthy that ˆd(k2) is a renormalisation-group-
invariant (RGI) [25]. The interaction defining the DB kernel,
which is built using a sophisticated dressed-quark-gluon vertex,
shares this feature. In contrast, the RL kernel and pointwise
improvements thereof, possesses some residual ζ-dependence
because the structure of ΓAµ is too simple.
4. Numerical results for the RGI kernel. The best available
information on the RGI running interaction-strength in Eq. (19)
has been obtained through a combination of DSE- and lattice-
QCD analyses. The procedure is detailed in Ref. [25] and yields
the result depicted in Fig. 1. We do not review the method
herein; but, since the renormalisation-point-independence of
the result is important, we recapitulate upon relevant aspects
3
of that procedure, which are elaborated elsewhere [26]. One
begins with lattice-QCD results for the ghost dressing function
[48], F (k2; ζ24.3) in Eq. (10), which was renormalised to unity at
ζ = 4.3 GeV, and determines αs(ζ24.3) by requiring that the DSE
for F (k2; ζ24.3) reproduces the lattice result. The value of αs at
a new value of ζ is then obtained by employing multiplicative
renormalisability in order to rescale the lattice result and sub-
sequently fixing αs(ζ2) so that the gap equation for F (k2; ζ2)
reproduces the rescaled lattice function. In following this pro-
cedure, all scales are completely determined by the original
lattice result and the running of αs(ζ2) matches that of pertur-
bative QCD on the perturbative domain (ζ2 ≥ ζ22 ); viz., the
four-loop expression for the running coupling evaluated in the
momentum-subtraction scheme with a value of ΛQCD between
0.25 and 0.32 GeV [49, 50].
One may naturally separate ˆd(k2) into the product of two
scale-dependent terms: a dimensionless running coupling,
α(ζ2), multiplied by the mass-dimension “−2” PT-BFM gluon
propagator, ˆ∆(k2)/k2, Eq. (14). The latter quantity can be used
to define a ζ-dependent gluon mass-scale:
m2g(ζ2) = limk2→0[1/D(k
2) = k2/ ˆ∆(k2; ζ2)]. (20)
It is evident from Fig. 1 that with αs(ζ) finite and nonzero, then
0 < m2g(ζ2) < ∞.
Repeating the analysis in Ref. [25], we obtain ˆd(k2 = 0) =
12.9/GeV2, as is plain from Fig. 1; and our results on the do-
main 1 < ζ < 4.3 GeV are accurately interpolated by
m2g(ζ2) =
0.22 + 0.019 ζ2
1 + 1.76 ζ2
, αs(ζ2) = 12.9 m2g(ζ2) . (21)
Extrapolating to the far infrared, one finds that QCD’s gauge
sector is characterised by the following coupling and mass-
scale:
αs(0) = 2.77 ≈ 0.9pi , m2g(0) = (0.46 GeV)2 . (22)
The value of the mass-scale in Eq. (22) is natural in the sense
that it is commensurate with but larger than the value of the
dressed light-quark mass function at far-infrared Euclidean mo-
menta: M(0) ≈ 0.3 GeV [51]. The strength of the coupling
is also interesting. It is greater than that required for DCSB
to occur in simple treatments of strong-coupling QED [52, 53]
(αc = pi/3) and gap equation models for QCD [54, 55] (αc ≈
pi/3.5), and consistent with the value often imagined necessary
to describe strong-interaction phenomena: αs(0) & pi (see, e.g.,
Refs. [11, 56, 57]).
5. Comparison of interaction kernels. It is now possible to
compare the prediction yielded by analyses of QCD’s gauge
sector (top-down approach) with the running-interaction deter-
mined using the bottom-up approach; i.e., parametrising the
gauge-sector kernel and fitting the parameter in order to explain
a wide range of hadron observables. The results of the compari-
son are displayed in Fig. 2: the upper panel depicts I(k2) itself,
whereas the lower panel portrays k2I(k2). The latter is plot-
ted because the computation of hadron observables typically
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Figure 2: Comparison between top-down results for the gauge-sector interac-
tion [Eqs. (19), (22), Fig. 1] with those obtained using the bottom-up approach
based on hadron physics observables [Eqs. (4)–(8)]. Solid curve – top-down re-
sult for the RGI running interaction; pale-red band – bottom-up result obtained
in the RL truncation, Eqs. (4) & (7); and pale-green band – bottom-up result
obtained in the DB truncation, Eqs. (4) & (8). The bands denote the domain
of constant ground-state physics 0.45 < ω < 0.6, described in connection with
Eq. (5), with ω = 0.6 producing the “flattest” curve; i.e., the smaller values on
k2 . 0.65 GeV2 and the larger values on k2 & 0.65GeV2. The curve within
each band is obtained with ω = 0.5 GeV. All curves are identical on the pertur-
bative domain: k2 > 2.5 GeV2.
involves a four-dimensional Euclidean integration, which intro-
duces an additional factor of k2 from the measure.
It is immediately apparent that the top-down RGI interac-
tion (solid-black curve) and the DB-truncation bottom-up in-
teraction (green band containing dashed curve) are in excellent
agreement. Hence, the interaction predicted by modern anal-
yses of QCD’s gauge sector is in near precise agreement with
that required for a veracious description of measurable hadron
properties using the most sophisticated matter-sector gap and
Bethe-Salpeter kernels available today. This is a remarkable
result given that, on the themes described herein, there had pre-
viously been no communication between the continuum-QCD
hemisphere represented by the studies described in Sect. 2 and
that connected with Sects. 3 and 4, except insofar as it was mu-
tually acknowledged that QCD’s gauge sector is characterised
by a nonzero and finite gluon mass-scale.
Unlike one of its predecessors [58], the modern interaction
inferred using RL-truncation [11, 12] has the correct shape; but
it is too large in the infrared. This is because the bare-vertex
in Eq. (6) suppresses all effects associated with DCSB in the
4
Table 1: Row 1 – Computed values determined from the interaction tension in
Eq. (23), quoted in GeV; and Row 2 – the difference: ες :=
√
ςI/
√
ςI ˆd − 1.
So as to represent the domain of constant ground-state physics, described in
connection with Eq. (5), we list values obtained with bottom-up interactions
using ω = 0.5, 0.6 GeV.
I I
ˆd Iω=0.5DB Iω=0.6DB Iω=0.5RL Iω=0.6RL√
ςI 1.86 1.91 1.82 3.14 2.90
ες 0 2.8% −2.4% 68.5% 55.8%
kernels of the gap and Bethe-Salpeter equations except those
expressed in I(k2), and therefore a description of hadronic phe-
nomena can only be achieved by overmagnifying the gauge-
sector interaction strength at infrared momenta. A similar con-
clusion was drawn elsewhere [59]. It follows that whilst the RL
truncation supplies a useful computational link between QCD’s
gauge sector and measurable hadron properties, the model in-
teraction it delivers should neither be misconstrued nor misrep-
resented as a pointwise-accurate representation of ghost-gluon
dynamics. Notwithstanding this, the judicious use of RL trun-
cation and the careful interpretation of its results can still be a
valuable tool for hadron physics phenomenology.2
The level of agreement between the curves in Fig. 2 can use-
fully be quantified via the interaction tension [61]
σI :=
∫ k2p
0
dk2 I(k2) , (23)
where the integral is limited to k2 ≤ k2p = 2.5 GeV2 because
all interactions are identical on the perturbative domain. The
results are listed in Table 1. According to the metric defined by
the second row, there is plainly little measurable difference be-
tween the top-down prediction and the DB-truncation bottom-
up interaction. This is true independent of whether one uses
I(k2) or k2I(k2) as the integrand.
6. Confinement, fragmentation and Gribov copies. It has
long been known that the only Schwinger functions which can
be associated with states in the Hilbert space of observables;
namely, the set of measurable expectation values, are those that
satisfy the axiom of reflection positivity [62]. In this connec-
tion, it is a simple matter to show that the spectral density as-
sociated with any single-variable Schwinger function, S (k2),
which possesses an inflexion point at k2 > 0 cannot be pos-
itive definite [63, 64]; i.e., it violates the axiom of reflection
positivity and hence the associated excitation may be viewed as
confined.
The RGI function ˆd(k2) displayed in Fig. 1 possesses and in-
flection point at k2 = k2i = (0.41 GeV)2. Consequently, when
probed at momenta k2 > k2i , the PT-BFM gluon behaves as
an “ordinary” excitation because on this domain its propagator
has the convex shape that is characteristic of free-particle-like
2The shortcomings of the interaction in Ref. [58] are explained in Ref. [11].
They are practically immaterial if one only considers low momentum trans-
fer properties of hadron ground-states, which are mainly sensitive to the inte-
grated strength of the interaction on the infrared domain: k2 . 2 GeV2. This
fact is highlighted by the phenomenological successes of a RL treatment of a
vector ⊗ vector contact-interaction (see Refs. [22, 57, 60] and citations therein).
behaviour. Notably, the computed value |ki| = 0.41 GeV cor-
responds to a length si ≈ 0.5 fm, which is a natural scale for
confinement in QCD; and as k2 decreases through k2i , passing
into the infrared, the effects of strong, nonperturbative ghost
and gluon dressing become manifest and the excitation’s prop-
agation characteristics are dramatically altered.
Indeed, as described twenty years ago [65], a violation of
positivity owing to the dynamical generation of a length-scale
si ≈ 0.5 fm may plausibly be connected with the fragmenta-
tion phenomenon. Namely, the coloured state propagates as a
pseudo-plane-wave over mean-distances 〈s〉 < si. However, af-
ter each “step” of length si, on average, an interaction occurs,
so that the coloured state loses its identity, sharing it with other
partons. Finally, a cloud of partons is produced, which coa-
lesces into a number (often large) of colour-singlet final states.
This realisation of confinement is essentially dynamical. It
is not connected in any way with the static potential between
infinitely-heavy quarks measured in numerical simulations of
quenched lattice-QCD.3
The fact that the active piece of the gauge-boson Schwinger
function acquires a dynamically generated mass-scale ensures
that gluons with wavelengths λ ≫ 1/mg(0) ≈ 0.5 fm play no
role in hadron observables. This phenomenon, and the analogue
for quarks, provides a basis for understanding the notion of a
maximum wavelength for gluons and quarks in QCD [68].
One of the strengths of the framework we have employed is
the intimate connection it draws between confinement, DCSB,
dynamically generated gluon and quark masses, and the max-
imum wavelengths for gluons and quarks. We have exempli-
fied this above and choose to highlight another example here.
Namely, the behaviour of ˆd(k2) entails DCSB, which itself
guarantees that light-quark dynamics in QCD supports the ex-
istence of a (nearly-)massless pseudoscalar meson; viz., the
pion, whose properties are almost entirely determined by the
dressed-quark mass-function [69]. The exceptionally light pion
degree-of-freedom becomes dominant in QCD at those length-
scales above which dressed-gluons and -quarks decouple from
the theory owing to the large magnitudes of their dynamically
generated masses. We therefore judge that Gribov copies can
have no measurable impact on observables within the Standard
Model because they affect only those gluonic modes whose
wavelengths lie in the far infrared; and such modes are dynami-
cally screened, by an exponential damping factor ∼ exp(−λmg),
so that their role in hadron physics is superseded by the dy-
namics of light-hadrons. This conjecture is consistent with the
insensitivity to Gribov copies of the dressed-quark and -gluon
two-point Schwinger functions observed in numerical simula-
tions of QCD on fine lattices [70, 71].
7. Epilogue. We have demonstrated that the form of the
renormalisation-group-invariant running-interaction predicted
by contemporary analyses of QCD’s gauge sector is a good
3This static potential is irrelevant to the question of confinement in a uni-
verse in which light quarks are ubiquitous because light-particle creation and
annihilation effects are essentially nonperturbative and therefore it is impossi-
ble in principle to compute a (non light-front) quantum mechanical potential
between two light quarks [66, 67].
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match to the behaviour required in order to describe a wide
range of hadron observables using the most sophisticated, non-
perturbative truncation of QCD’s Dyson-Schwinger equations
in the matter sector that is currently available. In doing so, we
have drawn a direct connection between QCD’s gauge sector
and measurable hadron properties. This paves the way for gen-
uinely ab initio predictions of observables in continuum-QCD.
The understanding highlighted by Fig. 2 was only made pos-
sible by recent progress in developing nonperturbative trunca-
tions for the gap and bound-state equations in QCD’s matter
sector. The new symmetry-preserving scheme enables the influ-
ence of dynamical chiral symmetry breaking (DCSB) and con-
current phenomena to be spread throughout the gap and Bethe-
Salpeter kernels so that the universal subcomponent associated
cleanly with the gauge-sector can reliably be separated. The
primary element in the new scheme is an accurate representa-
tion of the dressed-quark-gluon vertex, Γµ. Our analysis thus
emphasises the need for a continuation and expansion of efforts
to better determine Γµ, both in continuum- and lattice-QCD.
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